ABSTRACT: The hydrological and geomorphological effects of an exceptional 14 rainstorm event that occurred in the central Spanish Pyrenees during 19-21 October 15 2012 were studied in five experimental catchments under various land covers: (i) 16 subhumid badlands; (ii) dense forest; (iii) an abandoned farmland area recolonized by 17 shrubs and forest patches; and (iv) subalpine grasslands. Hydrographs and sedigraphs 18 demonstrated that vegetation cover is a major factor affecting the control of floods even 19 during exceptional rainstorms, at least at the spatial scale at which the phenomenon was 20 studied (catchment sizes: 0.3-2.8 km 2 ) and under dry catchment conditions. The 21 combined precipitation over the two days (ca. 250 mm) was the greatest for any two-22 day event recorded since 1950 in the central-western Pyrenees for all but one of the 23 stations in the study. Five pulses of most intense rainfall were recorded. The forested 24 catchment did not react to the two most intense rainfall pulses, because of the very low 25 antecedent level of the water table. The main peak flow occurred only when at least a 26 part of the catchment was saturated. The abandoned farmland catchment had two small 27 peak discharges at the beginning of the event, which were produced by infiltration 28 excess overland flow from eroded areas close to the main stream. During the third most 29 intense rainfall period a large part of this catchment contributed to runoff and a 30 relatively high peak discharge was produced. The badland catchment reacted 31
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immediately from the beginning of the rainstorm, yielding very high discharges 32 accompanied by high suspended sediment concentrations. The subalpine catchment 33 showed a hydrograph mirroring the hyetograph, with brief but intense hydrological 34 responses to increased precipitation, because of the marked gradients and the presence 35 of bare rock in the headwaters. A high volume of bedload was carried during the peak 36 discharge. 37 and shallow landslides typically accompany intense rainstorms (Beylich and The dominant geomorphic process is mass movements (solifluction, gelifluction 179 terracettes), although a dense and steep gully system is present close to the divide 180 Reforestation catchment commenced at the beginning of the event and then stopped 227 abruptly, preventing further evaluation of the event in this catchment; (iii) various 228 piezometers in the Arnás catchment failed during the event; (iv) the main rain gauge in 229 the Araguás catchment provided a clearly incorrect value, and no information from the 230 rain gauges in the Arnás, San Salvador and Araguás catchments was available. As an 231 alternative the hyetograph from the Esposa weather station was used; this station is 232 located within 10 km of the study catchments. These problems confirm the difficulties 233 of obtaining complete meteorological, hydrological and sedimentological data during 234 exceptional and extreme events. Nevertheless, the data acquired enabled comparison of 235 the response of different environments to the exceptional rainfall event. 236
Various parameters were calculated including the maximum intensity of 237 precipitation in 1 hour interval; the specific baseflow discharge at the start of the flood 238 event (l s -1 km -2 ); the time lag between the start of rainfall and the commencement of 239 the increase in discharge (min); the storm runoff coefficient, defined as the ratio of 240 rainfall depth to storm-flow depth; the specific peak flow (l s -1 km -2 ); an indicator of the 241 duration of the recession limb (min), which corresponds to the time interval between 242 peak flow and the time when discharge is equal to one-third of the peak flow discharge 243 catchments; Mg ha -1 ); and the evolution of the height of the water table during the event 246
(in the Arnás and San Salvador catchments). Because of the characteristics of the event, 247 the commencement of the increase in discharge was easily identified as an increase in 248 discharge exceeding 5-times the previous discharge in the middle mountain catchmentsand 2-times the previous discharge in the Izas catchment. Storm-flow depth was 250 separated from baseflow using the method described in Nadal- Romero et al. (2009) . 251
Corresponding hyetographs and hydrographs were also constructed. 252
Results

253
Rainfall and discharge characteristics, and geomorphological effects during the 19-21 254
October 2012 event 255
The rainstorm of 19-20 October 2012 affected a large area in the Pyrenees and 256 the Ebro Depression, northeast Spain, although the most intense rainfall occurred in 257 valleys of the central-western Pyrenees. In its final stage the rainstorm was displaced 258 towards the Mediterranean coast of Catalonia. The distribution of rainfall shows that the 259 areas most affected were the headwaters of the Aragón and Gállego rivers and a sector 260 between the Pre-Pyrenees and the Ebro Depression. 261
The rainstorm started with a large trough from the western part of the British 262
Isles to northern Morocco at 500 hPa, and a low surface pressure located to the west of 263 the British Isles. The trough was associated with several cold fronts that moved from 264 northwest to southeast. A cut-off system subsequently developed, which had major 265 impacts over the entire study area. The intensity of the rainfall increased during the 266 passage of the cold fronts, at the beginning of the rainstorm. Some differences were evident between the hyetographs for the middle 279 mountain catchments and the Izas catchment (Fig. 4) . Rainfall in the middle mountain 280 catchments was very intense at the beginning of the event (1220 h on 19 October) and 281 then declined, although two other peak intensities occurred at 0545 h and 1500 h on 20 282 and Table 2 summarizes the main characteristics of the rainfall, flood and sediment 295 yield during the event. Unfortunately, the data for the Reforestation catchment were 296 questionable because from the beginning of the event only isolated peak flows were 297 recorded and no record of the discharge was available 20 h after the beginning of the 298 flood. For this reason, the data for this catchment were not considered, other than therecord of the commencement of the flood (see below), which coincided with the time of 300 peak rainfall intensity. As 2012 had been an extremely dry year there was almost no 301 baseflow discharge from any of the main streams of the catchments immediately prior 302 to the rainfall beginning: The total precipitation recorded from January to the end of 303 September was 365.4 and 311 mm at the Araguás and Arnás weather stations, 304
respectively (approximately 40% of the average annual precipitation). The conditions 305 had been particularly dry during winter (32 mm precipitation from January to March), 306
and after May, resulting in no discharge having occurred since the middle of July. This 307 was also the situation for the main rivers of the central-western Pyrenees, which in most 308 cases had the lowest discharges recorded in the hydrological series for the beginning of 309
October. During October in the period prior to the event the total precipitation was 24 310 mm in the middle mountain catchments and 35 mm in the Izas catchment. 311
Three main hydrological parameters differed among the catchments: (i) the peak 312 flow; (ii) the shape of the hydrograph; and (iii) the time lag between the commencement 313 of rainfall and the occurrence of the flood. 314
The peak flows varied markedly among the catchments: 779 l s -1 km -2 in the San 315 Salvador catchment; 1240 l s -1 km -2 in the Arnás catchment; 3932 l s -1 km -2 in the 316 Araguás catchment; and 2580 l s -1 km -2 in the Izas catchment. Thus, the Araguás and 317
Izas catchments generated peak flows approximately a factor of 4 greater than the San 318
Salvador catchment, and a factor of 2-3 greater than the Arnás catchment. The time at 319 which the peak flow occurred in each catchment also varied from the beginning to 320 almost the end of the flood. A peak flow of 1217 l s -1 km -2 was obtained for one of the 321 peak discharges recorded in the Reforestation catchment, although this is considered to 322 be a minimum value.
case of the San Salvador catchment, the first very intense pulse of precipitation had no 325 impact on the discharge, and a second short peak intensity also had no influence. The 326 discharge began to increase with the third peak; this was followed by a brief decline in 327 discharge then a new increase (peak flow 779 l s -1 km -2 ) coinciding with a new pulse of 328
precipitation. An isolated pulse of precipitation several hours later had no effect on the 329 discharge. The evolution of the water table at the lower part of the San Salvador 330 catchment is shown in Figure 5 . At the beginning of the rainstorm event the piezometer 331 located on the north-facing slope was completely dry, while at the piezometer located 332 on the south-facing slope the level was at approximately 120 cm depth, indicating that 333 the increase in the discharge may have been related to an increase in soil moisture and 371 enlargement of the areas contributing to saturation runoff, as observed by Lana-Renaultflows throughout the rainstorm event. Each peak in rainfall intensity was immediately 375 represented in the discharge, although the greatest peak discharge (3932 l s -1 km -2 ) 376 coincided with a relatively moderate peak in rainfall intensity (number 4). Possibly, a 377 larger contribution of the upstream reforested area occurred during this rainfall pulse. 378
Unfortunately there are no data available from the Reforestation catchment to confirm 379 such hypothesis. The final rainfall pulse is also represented in the hydrograph. The 380 hydrographs for the Araguás and Arnás catchments were similar in that both catchments 381 reacted to the same rainfall peaks during the event, although the response was much 382 greater in the Araguás catchment. Also, the recession limbs were steeper, with a 383 recession time of only 40 min following the peak flow of 20 October, suggesting a large 384 contribution of surface flow over the steep slopes of the badland area. 385
In the case of the Reforestation catchment, the only available information is that 386 the start of the hydrological response coincided with that in the Araguás and Arnás 387 catchments, at the beginning of the rainstorm. Although the shape of the hydrograph is 388 questionable, it is noteworthy that the peak discharges in the hydrograph coincided 389 approximately with the same peak discharges in the Araguás and Arnás catchments. 390
However, the little information available suggests that the Reforestation catchment 391 reacted differently to the forested catchment. The highest value of discharge recorded in 392 the Reforestation catchment was 1217 l s -1 km -2 , although this value is clearly an 393
underestimate. 394
The rainstorm showed a completely different behaviour in the Izas catchment, 395 with three peak intensities preceded by various minor rainfall showers. In this 396 catchment the rainfall commenced earlier than in the other catchments. The hydrograph, 397 which shows a maximum peak discharge of 2580 l s -1 km -2 , also shows three peakflows of decreasing magnitude, coinciding with three rain showers. This catchment 399
showed the best correlation between the hyetograph and the hydrograph. The recession 400 limb was a bit longer than that in the Arnás and Araguás catchments, with a recession 401 time of 280 min following the peakflow of 20 October. 402
The , 2007) . 433
In the Araguás catchment there were sudden or flashy increases in the suspended 434 sediment concentration, coinciding in most cases with short periods of intense rainfall. 435
The major peak in sediment concentration coincided with the first pulse of precipitation 436 (the largest during the rainstorm event) and with a moderate hydrological pulse. Other 437 major sedimentological pulses occurred during the event, sometimes related to minor 438 increases in discharge, perhaps resulting from the direct arrival of mudflows to the 439 stream, or because of erosion of the riverbanks. At the end of 20 October, the 440 turbidimeter failed and ceased to register data. Despite this the available data indicated 441 that a large volume of sediment was transported during this exceptional event. As the 442 last peak of sediment was not recorded, the total sediment output from the Araguás The sedigraph for the Izas catchment shows a sudden peak during the main peak 454 discharge and the peak rainfall intensity. Subsequent rainfall pulses occurred, but the 455 suspended sediment concentration remained at very low values. This suggests that the 456 catchment was exhausted of sediment sources following the first pulse, and was thus 457 unable to yield more. The peak suspended sediment concentration recorded was 1.7 g l -458
suspended sediment concentration of 0.8 g l -1 was recorded, which coincided with adischarge of 110 l s -1 km -2 . Thus, the peak suspended sediment concentration probably 475 exceeded 4-5 g l -1 during the peak discharge (779 l s -1 km -2 ), which is the highest value 476 recorded during the study period in the San Salvador catchment. A total of 2.5 Mg of 477 bedload, composed of fine gravel and coarse sand, was also recorded at the sediment 478 trap in the San Salvador catchment, highlighting the exceptional character of this 479 rainstorm event. in explaining the shape of the hydrographs, the response times to the rainfall, the 494 variability in the peak flows and the sediment yield dynamics. 495
Very low base flow discharges were recorded at the beginning of the event in the 496 four middle mountain catchments, reflecting very low catchment wetness conditionsand Arnás catchments reacted slowly to the rainfall, with little or no increase indischarge occurring at the beginning of the event because most of the rainfall was 500 absorbed into the soil. This was reflected in the evolution of the water table (Figs. 5 and  501 6), which in each catchment was extremely low at the beginning of the event and rose 502 with the first rainfall pulses; only then did the discharge increase. This was particularly 503 important in the San Salvador catchment, where the discharge suddenly peaked, causing 504 relatively major peak flows only when the water table was close to the surface. This 505 behaviour distinguished the hydrological response of the Arnás and San Salvador 506 catchments from the Araguás and Izas catchments, where significant peak flows were 507 registered even under dry conditions. 508
The rainfall characteristics (total volume and shape of the hyetograph) were 509 similar for the four middle mountain catchments, as evidenced in the data from the 510 The response of the Arnás catchment was somewhat similar to that of the San 536
Salvador catchment. It is notable that the Arnás catchment was cultivated in the past, 537 but abandoned some decades ago and progressively recolonized with forest patches and 538 shrubs. As a consequence, its hydromorphological behaviour was expected to tend to 539 that of the San Salvador catchment. Nevertheless, there is a significant difference 540 between them, in that the Arnás catchment was subject to intensive human pressure in 541 the past and, almost certainly, to soil erosion that particularly affected some areas 542 (Navas et al., 2005) , characterized by compacted thin soils with a high level of stoniness 543 and low organic matter content. Consequently, at the beginning of the rainstorm, the 544 Arnás catchment reacted similarly to the San Salvador catchment, with high substantial 545 water infiltration into the soil and a moderate stream flow response. The response to the 546 first and the second rainfall pulses was a little greater than that occurred in the Sanimpervious and non vegetated areas (Lana-Renault et al., 2007) . During the thirdrainfall pulse, the catchment produced a higher peak flow discharge, related to a 550 combination of both the enlargement (and an increasing connectivity) of areas 551 contributing saturated runoff and infiltration excess runoff over degraded areas. The 552
Arnás catchment is a complex mosaic derived from its long history of land uses 553 (farmland throughout the catchment, and subsequent abandonment). The small degraded 554 areas react immediately to almost any rainstorm event (but because of their limited area 555 yield only small peak discharges), while the rest of the catchment tends to behave like a 556 forested catchment, with a hydrological reaction only occurring after a certain soil 557 
taluses. 562
The large proportion of bare badlands in the Araguás catchment explains the 563 flashy hydrological response to an increase in precipitation from the beginning of the 564 rainstorm, because of the poor capacity of the marl for water infiltration and storage. As 565 is usual for this catchment (Nadal- Romero et al., 2008 Romero et al., , 2009 Regüés et al., 2009 ), the 566 sediment yield was also extremely high, with a pulse of sediment coinciding with each 567 rainfall and discharge pulse. It is noteworthy that the first peak of suspended sediment 568 was the highest for the entire event, occurring during the first increase in discharge, 569 which was relatively moderate. This suggests that much sediment was available to be 570 The Izas catchment also behaved in a flashy manner, although the recessing limb 577 of the hydrograph tended to be smoother than for the Araguás catchment. The presence 578 of a bare badland network in the headwaters of the catchment (composed of impervious 579 carboniferous shale) and the steep slopes explain the consistency between the 580 hydrological response and the hyetograph for this catchment. The relationship between 581 precipitation and discharge was so close (greater than for any of the other catchments) 582 that the hydrological response faithfully reproduced both the rainfall pulses and their 583
intensity. This response is also attributable to the characteristics of the vegetation cover, 584 which is dominated by grasslands that favour the transport of water over the surface. It is noteworthy that the storm runoff coefficient was higher in the San Salvador 635 catchment than in the Arnás catchment, and was similar to that of the Araguás 636 catchment. This confirms that the capacity of forest to control large floods generated by 637 low frequency and long lasting rainstorms is quite limited (Bathurst et al., 2011) . The 638 San Salvador catchment apparently reacted in two ways during the 19-21 October 639 rainstorm event: at the commencement of the event the hydrological response was that 640 typical of dry periods, with a very small hydrological response to rainfall (the storm 641 runoff coefficients during the three first rainfall pulses were < 0.04). Consequently no 642 increase in discharge occurred during the highest peak rainfall intensities. During the 643 second half of the rainstorm, at which time most of the water reserves in the catchment 644 had refilled, the response was typical of that for wet periods, with high storm flow 645 values being recorded (storm runoff coefficients were > 0.3 during the fourth and fifth 646 rainfall pulses); the levels were similar to, or greater than those recorded in the Arnásconclusion, during exceptional rainstorm events forests can change the shape of the 649 hydrograph and reduce the peak discharge, although the total runoff yield may not be 650
affected. 651
Catchments that have been subject to farmland abandonment tend to have 652 hydrological behaviours that are similar to forested catchments, although the 
